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Abstract. Millisecond X-ray pulsars consist of a rapidly-spinning neutron 
star accreting from a low-mass stellar companion, and are the long-sought evo- 
lutionary progenitors of millisecond radio pulsars, as well as promising candidate 
sources for gravitational radiation. The population of these sources has grown 
significantly over the last three years, with the discovery of six new examples 
to bring the total sample to seven. Three sources are ultracompact binaries 
with H-depleted donors and orbital periods of « 40 min, like the 185 Hz pulsar 
XTE J0929— 314. Three more have orbital periods of 2 hr or longer, similar to 
IGR J00291+5934, first detected in outburst by INTEGRAL in December 2004. 
The neutron star in this 2.46 hr binary has the most rapid spin of the accreting 
pulsars at 599 Hz. The most recently-discovered pulsar, HETE J1900. 1—2455 
(377 Hz), has an intermediate orbital period of 83.3 min, and has been active 
for more than 1 yr, much longer than the typical transient outburst. Pulsations 
were detected only in the first few months of the outburst; this source has since 
resembled a faint, persistent non-pulsing low-mass X-ray binary, typical of the 
broader low-mass X-ray binary population. 



Introduction 

Neutron stars accreting from low-mass binary companions (low-mass X-ray bi- 
naries, or LMXBs) have orbital periods of typically a few hours, and char- 
acteristically exhibit bursts from therm onuclear ignition of accreted material 
on the surface (e.g. iLewin et al.l I1993T ). These objects are the evolutionary 
precursors to the "recycled" millisecond radio pulsars, which are thought to 
have been spu n-up by an ext ended period of accretion. There are > 100 
LMXBs known ( Liu et ai1l200lh ; most give no observational indications of their 



(presumably) rapid spin, although since 1996 some have been found to ex- 
hibit osdUations_jn_tj3^^ Hz only during thermonuclear bursts 
(e.g. IStrohmaver Sz Bildstenl 120061) . Since the discovery of the 401 Hz pulsar 
SAX .71808.4-3658 in 1998 (jWiinands fc van der Klislll998th an addi tional sub- 
set o f LMXBs has emerged which consistently exhibit pulsations (e.g. IWiinandsl 
2004). Two sources show pulsations and burst oscillations at the same fre- 
quency, confirming that th e latter phenomenon also traces the neutron-star spin 
((Chakrabartv et al J 12003). Precisely what is different about these accretion- 
powered millisecond pulsars (and the burst oscillation sources) that allows us to 
measure the spin is not clear. 

Here I describe the properties of three of the seven accretion-powered mil- 
lisecond pulsars, the first two representative of the two broad classes of bi- 
nary which make up this group. Observations were made with the Proportional 
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Counter Array fPCA: Ijahoda et al.l ll996) aboard the Rossi X-ray Timing Ex- 
plorer {RXTE). The PC A consists of five co-aligned proportional counter units 
(PCUs), sensitive to photons in the energy range 2-60 keV and with a total ef- 
fective area of ~ 6500 cm 2 . Arriving photons are time-tagged to approximately 
1/xs, and their energy is measured to a precision of < 18% at 6 keV. The PCA is 
presently the only instrument with sufficient sensitivity and temporal resolution 
to reliably detect the persistent pulsations in the accretion-powered millisecond 
pulsars. 



XTE J0929-314 

This high-Galactic-latitude X-ray transient was first detected i n outburst dur- 
ing A pril 2002 by the All-Sky Monitor (ASM) aboard RXTE (|Gallowav et al.l 
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2002). The ASM consists of three scanning shadow cameras sensitive to 1.5- 
12 keV photons which provides 90 s exposures of most of the sky every 96 min. 
XTE J0929— 314 was identified using a "deep sky map" technique, in which 
maps of flux residuals are constructed by cross-correlating the predicted coded 
mask pattern against the best-fit data residuals for each 4' cell in the field of 
view. The resulting sensitivity for new sources is as low as ~ 15 mCrab away 
from the Galactic center, compared to the typical ~ 50 mCrab threshold for 
individual camera snapshots. 

PCA observations revealed 185 Hz (5.4 ms) pulsations, with a fractional 
rms amplitude of 3-7%, modulated by a 43.6 min binary orbit. The Roche 
lobe in such a tiny binary cannot contain a main-sequen ce companion, ind i- 
cating that the mass donor is highly evolved and H-poor (|Nelson et al.l ll986). 
The system has one of the smallest measured mass functions (2.7 x 1O" 7 M ) 
of any stellar binary. The binary parameters imply a ~ O.OIMq white dwarf 
donor with a moderately high inclination. XTE J0929— 314 was the second ul- 
tracompact binary mill isecond pulsar discovered, after XTE J1751— 305 (42 min; 



Markwar dt et al.l2002 ) and was later joined by a third, XTE J1807-294 (40 min; 
Markwardt et akll2003 ). It is an open question why the orbital periods of these 
sources should cluster so closely around 40 min. 

XTE J0929— 314 remained X-ray active for just over two months, by which 
time the RXTE observations revealed spin-down at an average rate of v = 
(—9.2 ± 0.4) x 10 -14 Hz s . The spin-down torque may arise from magnetic 
coupling to the accretion disk, a magnetohydro dynamic wind, or gravitational 
radiation from the rapidly spinning pulsar. 



IGR J00291+5934 

This recurrent X-ray transient was initially identified by ESA's International 
Gamma-Ray Astrophysics Laboratory INTEGRAL in 2004 December, d uring a 
series of Galactic plane scans conducted every 12 d JShawet alJfeOOfl. The 
source was detected with the IBIS/ISGRI coded-mask imager (|Ubertini et aTl 
120031 : iLebrun et alJl200 3f). which is sensitive to photons in the range 15 keV to 
1 MeV and with a 29° x 29° field of view. 

The RXTE/PCA observations which followed revealed 599 Hz (1.67 ms) 
pulsations with a fractional rms amplitude of 9% (3-13 keV). The neutron star 
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Figure 1. Left panel X-ray flux evolution of IGR J00291+5934 during the 
2004-5 outburst and into quiescence. The inferred 0.5-10 keV flux from 
RXTE observations is plotted as filled circles, while the flux from Chandra 
observations are plotted as open squares. After Honker et afl l)2005fl . Right 
panel Spin frequency for rapidly-rotating accreting neutron stars as a function 
of the binary orbital period. The orbital period is known for 7 of the 13 burst 
oscillation sources (open squares), but all 7 of the known millisecond pulsars 
(filled circles) . On each axis we also plot the distribution of each parameter 
separately for the burst oscillation sources (dotted line, including the sources 
without a detected spin frequency) and pulsars (solid line). 



is in a 2.46 hr orbit with a very low-mass donor, most likely a brown dwarf 
heated by the X-ray emission originating from the neutron star ( Galloway et alJ 
2005a). The binary parameters of the system are similar to those of the first 
known accreting millisecond pulsar, SAX J1808.4— 3658. While the companions 
of these systems are also very low-mass, like that of XTE J0929— 314, the mass 
donors for the longer-orbital period systems are likely still H-rich. 

The source remained active for less than 20 d (Fig. [H left). Chandra obser- 
vations revealed significant variability in quiescence ( Jonker et al.ll20n5T l. Once 
the source position was known, a search of earlier RXTE/ ASM observations re- 
vealed two prior outbursts, three and six years before. The outburst r ecurrence 
time is similar to that of SAX J1808.4-3658 (see also lGallowavll2006fi . 



HETE J1900.1-2455 



The most recently-discovered accretion-powered pulsar, HETE J1900— 2455 ex- 
hibits distinctly different behaviour in several respects to the rest of the popu- 
lation. The source was discovered in 2005 June when a strong th ermonuclear 
(type-I) burst was detected by HETE-II dVandersoek et alJl2005Tl . HETE-II 
was designed to study gamma-ray bursts (|Ricker et alJ 120031 ) . but thanks to 
sensitivity extending into the X-ray band can also detect thermonuclear bursts 
from accreting neutron stars. 

Subsequent RX TE observations of the field revealed pulsations at 377.3 Hz 
( Morgan et aD l2005) as well as Doppler shifts of the apparent pulsar frequency, 
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originating from orbital motion in the 83.25 min binary ( Kaaret et al.ll20()6h . In 



this case the Roche lobe can accommodate a brown dwarf with no need for extra 
heating. 

The rms amplitude of the pulsations was unusually low compared to the 
other pulsars, at best 2%. During the initial RXTE observations, the source un- 
derwent a short-lived flare after which the pulsations became undetectable. Such 
behaviour has not been observed in the other six pulsars, in which pulsations are 
consistently detected while the sources are X-ray bright. How ever, the pulsar 
outbur st has also lasted much longer than in the other sources ( Galloway et al.l 



2005b]), and in fact at the time of writing (2006 June) the source is still active 
and being monitored with regular RXTE observations. Assuming that activity 
continues at the present level, the ti me-averaged accretion rate (at the estimated 
distance of 5 kpc:lKawai et alJl2005l ) is the highest amongst all of the millisecond 
pulsars (|Gallowavll2006h . 



Discussion 

Accretion-powered millisecond pulsars represent a rapidly-growing subclass of 
LMXBs. The present sample is sufficiently small that new examples can still re- 
veal vital clues as to the physics of these extreme objects; consequently, searches 
for, and observations of, new examples are a high priority for RXTE and other 
X-ray missions. Observations of HETE J1900. 1—2455 suggest, for the first time, 
a connection between the transient pulsars and the non-pulsing (typically) per- 
sistent LMXB population. 

The combined spin distribution for rapidly-rotating neutron stars, includ- 
ing both accretion- and rotation-powered, has a present maximum of 716 Hz 



( Hessels et al.l I2Q06T ) . This value is substantially below the expected breakup 
frequency, and while selection effects may explain the non-detection of faster 
radio pulsars, no such effects reduce the likelihood of detecting faster pulsars in 
the X-ray band. It has been suggested that the torques which spin-up accreting 
neut ron stars may b e balanced at high spin frequencies by gravitational radiation 
(e.g. lBildstenlll998f ). A Bayesian analysis suggests that the observed spin fre- 
quency distribution of accreting neutron stars is consistent wi th a uniform distri- 
bution up to some maxim um value between 700 and 800 Hz (jChakrabartv et al.l 
120031 : ICnakrabartvl 12005). If this "speed limit" is indeed imposed by gravita- 
tional wave emission, there is the exciting possibility of detecting these sources 
with the next generation of gravitational wave detectors, such as the A dvanced 
Laser Interferometer Gravitational- Wave Observatory (LIGO; see e.g. I Abbott! 
2005). By virtue of its "quasi-persistent" behaviour, HETE J1900. 1-2455 is 
presently the best accretion-powered millisecond pulsar candidate for the detec- 
tion of gravitational radiation. 

While the observed distribution of spin frequencies does not appear signif- 
icantly different between the burst oscillation sources and pulsars, the orbital 
periods are substantially shorter on average (Fig. ^ right), particularly when 
compared to the entire LMXB population. The K-S test statistic comparing the 
P or b distribution of the milliseco nd pulsars and the known values for the non- 
pulsing LMXBs (|Liu et al.l l2001) is 0.751, corresponding to a 99.9% probability 



that the two populations are not drawn from the same distribution. 
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The question of why certain sources exhibit persistent pulsations and oth- 
ers do not, remains open. However, more detailed studies of the behaviour of 
HETE J1900. 1—2455 may soon shed light on this question. 
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